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Transitions between different conformational states, so-called conformational switching, are intrinsic to RNA
catalytic and regulatory functions. Often, conformational switching occurs on time scales of several seconds.
In combination with the recent real-time NMR experiments (Wenter et al. Angew. Chem. Int. Ed. 2005, 44,
2600; Wenter et al. ChemBioChem 2006, 7, 417) for the transitions between bistable RNA conformations,
we combine the master equation method with the kinetic cluster method to investigate the detailed kinetic
mechanism and the factors that govern the folding kinetics. We propose that heat capacity change (∆Cp)
upon RNA folding may be important for RNA folding kinetics. In addition, we find that, for tetraloop hairpins,
noncanonical (tertiary) intraloop interactions are important to determine the folding kinetics. Furthermore,
through theory-experiment comparisons, we find that the different rate models for the fundamental steps
(i.e., formation/disruption of a base pair or stack) can cause contrasting results in the theoretical predictions.
I. Introduction
RNA folding often involves misfolded states and alternative
conformations.1–3 Due to the strong stabilizing force from base
pairing and base stacking, detrapping from a misfolded intermediate (time scale g seconds) is usually slow compared to
the folding rate of an RNA hairpin (time ∼ microseconds) from
an unstructured state.4–8 For example, the time scale for the
conformational switch between the two alternative folds for the
splicing leader RNA from Leptomonas collosoma takes about
a second.9 Folding of group I or II intron undergoes multiple
intermediates and can take several minutes.10–12
In order to understand the detailed kinetic mechanisms of
folding, several kinetic models have been developed in recent
years,6,13–15 including simulational methods13–18 and the master
equation (analytical) method.6,19,20 The simulational method
applied to RNA hairpins can be useful for elucidating the
detailed folding pathways.16,17 For example, the recent simulations on a simple pseudoknot structure show that the folding
kinetics is correlated to the thermodynamic stability of the helix
stems in the pseudoknot.18 Monte Carlo simulation13–15 has also
been used to predict the slow folding kinetics for hepatitis delta
virus (HDV) ribozyme,13 a more complex pseudoknot structure.
The computational results provided useful relationships between
the kinetic folding pathways and the HDV activity.13 However, the Monte Carlo simulations can potentially have the
problem of incomplete sampling of the conformational ensemble. In contrast, the master equation method, which allows
for a deterministic solution for the kinetics, is based on the
complete conformational ensemble. The analytical solution to
the master equations can give stable predictions for the longtime kinetics.6,19 This is of particular importance, since RNA
as a chain molecule has a large ensemble of conformations.
The large size of the system would prohibit the analytical
solution to the equations. To solve the master equation for large
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systems, several methods have been developed, such as the exact
stochastic simulation method as a simulational approach to the
solution of the equation.14,15 Another way to effectively reduce
the conformational ensemble is to classify the preequilibrated
conformational subsets into clusters and to treat the original
conformational ensemble as a collection of clusters.
In the present study, with a combination of the master
equation and kinetic cluster theory, we investigate the slow
folding kinetics for the conformational switch between alternative RNA structures. Specifically, we use two experimentally
studied short RNAs21,22 as the model system. We aim to explore
the detailed folding pathways and transition states, and the
factors that govern RNA folding kinetics. Both RNAs have a
tetraloop hairpin as a kinetic intermediate. We find that the heat
capacity change ∆Cp and the stabilizing energetics (2-3 kcal/
mol)23 of the tetraloop can significantly influence the rates of
the conformational switch. Using the kinetic cluster method,24,25
we can unveil the detailed folding pathways and the rate-limiting
step. For example, we find that the slow folding rate between
two hairpin structures is mainly derived from (a) the large
enthalpic cost for breaking the base stack that closes to the
tetraloop and (b) the small forward reaction probabilities for
the states on the pathway.
II. Model and Theory
Master Equation Method. The master equation describes
how the population of the conformations evolves with time;
i.e., the kinetics for the fractional population (or the probability)
pi(t) for the ith state (i ) 0, ..., Ω - 1, where Ω is the total
number of chain conformations) is determined by the following
master equation:

d
p (t) )
dt i

Ω-1

∑ (kjfipj(t) - kifjpi(t))

(1)

j)0

where kjfi and kifj are the rate constants for the respective
transitions. Equation 1 is equivalent to the following expression:
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dp(t)/dt ) M · p(t), where M is the rate matrix, defined as Mij
) kifj for i * j and Mij ) -∑l*i kil for i ) j, and p(t) is the
fractional populational vector col [p0(t), p1(t), ..., pΩ-1(t)].
By diagonalizing the rate matrix M, we can obtain the
eigenvalues λm and the eigenvectors nm (m ) 0, 1, ..., Ω - 1).
The populational kinetics p(t) is written as a sum over all the
possible eigenmodes of the rate matrix:
Ω-1

p(t) )

∑ Cmnme-λ t
m

(2)

m)0

where Cm is the coefficient that is dependent on the initial
condition. The eigenvalue spectrum contains a static equilibrium
state corresponding to the eigenvalue λ0 ) 0. We denote the
first and second nonzero eigenvalues as λ1 and λ2, respectively.
A large gap between λ1 and λ2 indicates a single exponential
kinetics with the rate constant equal to λ1. In the rate model,
we allow only one base pair or one base stack to be formed or
broken in a kinetic transition. The transition rate for opening
or closing a base pair is given by
∆H/kBT
kopen ) k,
0e

∆S/kB
kclose ) k+
0e

(3)

where kB is the Boltzmann constant and T is the temperature.
We assume that the rate constants k0- and k0+ for opening and
closing a (single) base pair are the same (rate constant k0). In
the calculation, k0 is a prefactor fitted from the experimental
data.7 ∆H and ∆S are the enthalpy and entropy changes for the
formation of the base stack.
The above (∆H, ∆S) rate model is based on the different
assumptions about the transition states for the formation and
disruption of a base-pair/stack. For the formation of a basepair/stack, we assume that the transition state occurs when the
participating nucleotides have been restricted to the base-paired
positions but not yet stabilized by the hydrogen bonding/base
stacking interactions. However, for the disruption of a basepair/stack, the transition state occurs when the hydrogen
bonding/base stacking interactions have been disrupted but the
nucleotides are not yet liberated from the base-paired positions.
Such a transition state in the rate model is in accordance with
the results from the molecular dynamics simulations.26
Kinetic Cluster Method. The large number of chain conformations (Ω) causes a large size (Ω × Ω) of the rate matrix
for the master equation. However, some conformations (microstates) may quickly interconvert and preequilibrate; these
conformations can be treated as a macrostate (kinetic cluster).
With the original complete conformational ensemble divided
into kinetic clusters, the overall kinetics of the system would
be determined by the transitions between the different clusters
(kinetic cluster theory).24,25,27 For example, if formation/disruption of a particular base stack denoted as s* is a single ratelimiting step for the folding, the original conformational
ensemble can be reduced into two clusters U and N, each
consisting of all the conformations with or without s*,
respectively.
Transition between two clusters (U h N) is realized by
transitions Ui h Ni (called micropathways) between conformations (microstates) Ui in cluster U and Ni in cluster N. Here,
Ui h Ni corresponds to a single kinetic move that connects Ui
and Ni. For a given pair of clusters U and N, many such
micropathways usually exist. The sum over all these micropathways gives the intercluster transition rate:

kUfN )

∑

UifNi

pUikUifNi ;

kNfU )

∑

NifUi

pNikNifUi

(4)
where pUi and pNi are the equilibrium fractional populations of
Ui and Ni in the respective clusters. An important conclusion
from eq 4 is that the intercluster transition rate kUhN and hence
the overall folding rate is determined not only by the rate for
each individual transition (micropathway) kUihNi between two
conformations but also by the fractional population of the
“reactant” conformations (pUi and pNi) in the respective clusters.
Stochastic Method. Besides diagonalizing the rate matrix,
another effective method to solve the master equation, especially
for a large conformational ensemble, is the stochastic method.28,29
In the stochastic method, the master equation is converted into
a reaction probability density function: P(τ, µ) ) P0(τ)Pµrµdτ,
where P(τ, µ) is the probability of the conformation transition
µ occurring in the time interval (t + τ, t + τ + dτ), where
P0(τ) is the probability of no reaction occurring in the time
interval (t, t + τ) and Pµ is the number of the different
combinations of the “conformations” for conformation transition
µ to occur. rµ is the corresponding rate constant.28,29 On the
basis of the above reaction probability density function, Gillespie
described a numerical algorithm to simulate the reaction process:
(1) Generate a series of independent random numbers nu in
the interval (0,1), u ) 1, 2, ..., M. Here, M is the total
number of conformation transitions.
(2) Calculate the transition time according to equation τµ )
(1/(Pµrµ)) ln(1/nµ), u ) 1, 2, ..., M. For example, for the
transition from conformation i to conformation j, Pµ is
equal to Xi, where Xi is the number of conformation i
when the conformation transition µ occurs. We can
calculate τµ straightforwardly from the equation.
(3) Choose the conformation transition µ with the smallest
τµ as the actual transition at time t. The smallest τµ is the
actual transition time τ. Set t r t + τ.
(4) Subtract the number of the “reactant” conformations by
1 and increase the number of the product by 1 for the
selected conformation transition µ.
(5) Repeat steps 1-4 until all Pµ ) 0 or terminate the
calculation at t > tstop.
In Gillespie’s algorithm, one needs to update and sort τµ in
each iteration step, which is computationally expensive for a
large number of reactions M. Gibson and Bruck described the
next reaction method to avoid the step of updating and sorting
τµ for all the conformation transitions.30 The key points in the
next reaction method30 are (1) to change the relative time τµ to
absolute time, (2) to store each reaction time τµ in a binary tree
structure, and (3) only to update τµ for the conformation
transitions in which Pµ is affected by the previous selected
conformational transition. The next reaction method is significantly more efficient than Gillespie’s algorithm. The details for
implementing the next reaction method can be found in ref 30.
In the study, we will use the next reaction method to simulate
RNA folding kinetics.
III. Results and Discussion
Comparison with the Experiments. Folding Thermodynamics. Using real-time NMR spectroscopy, Wenter et al.
measured the thermal stability and relaxation kinetic rates and
the temperature dependence of the rate constants for two 20-nt
hairpin-forming sequences GAAGGGCAACCUUCGGGUUG
(sequence 1) and GACCGGAAGGUCCGCCUUCC (sequence
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Figure 1. (a) Comparison of the equilibrium constants between the theoretical predictions (lines) and the experimental data (filled circles). (b)
Theory-experiment comparisons for the relaxation rates. (c) The eigenvector for the slowest eigenvalue at T ) 25 °C. (d) The population dynamics
for the folding starting from conformation IA at T ) 25 °C. The experimental results are adopted from ref 22.

Figure 2. (a) The comparison of the equilibrium constants between the theoretical predictions (lines) and the experimental data (filled circles). (b)
Theory-experiment comparison for the relaxation rates. The experimental results are adopted from ref 21. (c) The eigenvector for the slowest
eigenvalue at T ) 25 °C. (d) The population dynamics for the folding starting from conformation IA at T ) 25 °C. The experimental results are
adopted from ref 21.

2).21,22 Both sequences are found to fold into two alternative
tetraloop hairpins IA and IB (see Figures 1c for sequence 1 and
2c for sequence 2). For sequence 1, the two structures have
similar stabilities. For sequence 2, IA, which contains a shorter
stem, is significantly less stable than IB.
Using the previously developed Vfold model,31–33 we calculate
the free energy difference GIA - GIB between the two hairpin
structures IA and IB in Figure 1c for sequence 1. Comparison
with the experimental data22 for the equilibrium constant K )
e-(GIA-GIB)/kBT shows good agreement (Figure 1a). In the calculation, we use (10.2 kcal/mol, 28 cal/mol/K) as the (enthalpy,
entropy) for the GCAA and UUCG tetraloops in IA and IB. The
enthalpy and entropy parameters for the tetraloop formation are
adopted from the previous thermodynamic measurement.23
For sequence 2, the hairpin structure IA (Figure 2c) contains
a GGAA tetraloop. The energetic parameter of the GGAA
tetraloop is not available from the experiment. As an approximation, we fix the enthalpy of the GGAA tetraloop to 10.5
kcal/mol, which is close to the enthalpy of GCAA and UUCG
tetraloops and fit the entropy parameter based on the experimentally measured equilibrium constant at T ) 25 °C.21 The
fitted entropy parameter is 25 cal/mol/K. Using the fitted
energetic parameters of the GGAA tetraloop, we calculate the
equilibrium constants for other temperatures such as 10, 15,
and 20 °C. As shown in Figure 2a, the comparison of the
equilibrium constants with the experiments shows good agreement for a broad temperature range.21
Folding Kinetics. Using the master equation method, we can
calculate the relaxation rate and the kinetic pathways. There
are 135 conformations for each sequence. Diagonalizing the 135
× 135 rate matrix gives the eigenvectors and eigenvalues. Figure
3a shows the distribution of the eigenvalue spectrum at T ) 25
°C. An apparent separation exists between λ1 (the first nonzero

Figure 3. Histogram plots for the eigenvalue spectra at T ) 25 °C for
the two sequences. The x-axis denotes the conformation and the y-axis
is the vector component for the corresponding conformation. The
sequences in parts a and b are adopted from two experimental
studies.21,22

eigenvalue) and λ2 (the second nonzero eigenvalue). Thus, the
relaxation kinetics is a single exponential process with the rate
constant equal to λ1. The predicted relaxation rate is in good
agreement with the experiment (Figure 1b). The eigenvector
for the lowest nonzero eigenvalue shows a two-state kinetic
mode, corresponding exactly to the conversion between IA and
IB populations (Figure 1c). The populational kinetics also shows
a two-state transition between conformation IA and IB without
any apparent intermediates (Figure 1d). The results agree with
the experimental NMR observation.22
For sequence 2, we predict similar kinetic behavior (Figures
2 and 3b): 2-state, single exponential kinetics for the transition
between the two hairpin structures. The theoretical results are
consistent with the experimental data.21
Comparison between Different Kinetic Models. Importance of Intraloop Base Pairs. In the previous kinetic cluster
models, conformations with isolated base pairs were not treated
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Figure 4. (a) Effects of ∆Cp and the single isolated base pair on the
predicted relaxation rates. (b) Comparison of the relaxation rates
between the three different rate models.

as a separate state because a lone base pair is not stable. Such
an assumption is general valid for secondary structures.6,19
However, for a tetraloop, a loop-closing base pair can enhance
the formation of the noncanonical intraloop base pairs to
stabilize the loop; thus, tetraloops closed by a base pair (prior
to the formation of the loop-closing base stack) should be
considered as a separate state in the conformational ensemble
for kinetic modeling. Therefore, for the formation/disruption
of tetraloops, we allow formation/disruption of a base pair in
the kinetic move. The model leads to good agreement with the
experiment (see Figure 4a). In contrast, as shown in Figure 4a,
the base-stack-only conformational model, where only base
stacks are explicitly considered in the kinetic moves, causes
underestimation for the transition rate between the tetraloops
IA and IB (in Figure 1b). This is due to the underestimation of
the tetraloop stability.
∆Cp Effect. Thermodynamics studies suggest that RNA
folding may be accompanied with a change in the heat capacity
∆Cp,34,35 resulting in a temperature dependence of the enthalpy
and entropy parameters:

∆Cp )

∂∆S
) [T
[ ∂∆H
]
∂T
∂T ]
p

p

Assuming a constant value for ∆Cp, we have

∆H(T) ) ∆H(37 °C) + ∆Cp(T - 37),
∆S(T) ) ∆S(37 °C) + ∆Cp ln(T + 273)/310
where the parameters for ∆H(37 °C) and ∆S(37 °C) are the
enthalpy and entropy parameters at 37 °C as given by the Turner
rule.37 As shown in Figure 4a, ∆Cp can have notable effects on
the folding kinetics. Our predicted Arrhenius plot (Figure 4)
based on ∆Cp ) -40 cal/mol/K/bp34,36 gives good agreement
with the experiment. The heat capacity change upon structural
changes comes from not only the formation/disruption of the
helices but also the formation/disruption of the tetraloop, which
may involve desolvation/solvation of the loop nucleotides and
the change in the solvent configuration.
Test with Different Rate Models. One of the key ingredients
in the kinetic model is the evaluation of the rate constant for
each elementary kinetic move such as the formation or disruption of a base stack. For the formation of a (stacked) base pair,
we assume that, in the transition state, the participating
nucleotides have positioned to form the base pair but have not
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Figure 5. Populational dynamics starting from conformation IA
predicted from two different models: the master equation (dark) and
the stochastic simulation (red). The sequences in parts a and b are
adopted from two different experimental studies.21,22 In the calculation,
the temperature is set to 25 °C.

yet “reacted” to form the stabilizing interactions; thus, the kinetic
barrier is entropic (kclose in eq 3). For the disruption of a (stacked)
base pair, we assume that, in the transition state, the stabilizing
interactions have been disrupted while the base pairs have not
yet been separated; thus, the kinetic barrier is enthalpic (kopen
in eq 3).
Besides the above rate model (“model 1”), two other
commonly used rate models exist, which relate the kinetic barrier
to the free energy difference ∆G between the final and initial
states:13,14,38

Model 2: kopen ) k0e-∆G/kBT,
-∆G/2kBT

Model 3: kopen ) k0e

kclose ) k0
, kclose ) k0e∆G/2kBT

(5)
We use the three rate models to construct the respective rate
matrices, from which we predict the kinetics based on the master
equation. In models 2 and 3, we also consider the effect of heat
capacity in the calculations of the temperature-dependent ∆G.
As shown in Figure 4b, comparisons with experimental results
indicate that model 1 gives better predictions than models 2
and 3 for the relaxation rate. Here, for models 2 and 3, the
prefactor rate constant k0, equal to 108 and 2.2 × 105 s-1 for
models 2 and 3, respectively, are adopted from the previous
studies.13,38 The results show that models 2 and 3 overestimate
the rate for the transition between states IA and IB. Moreover,
the slope of the rate-temperature curve is slightly overestimated
by model 3. The three models give similar overall folding rates
except for a shift that can be potentially removed by rescaling
of the prefactor k0. Therefore, it might be possible that the model
manifests their differences only on the k0-independent folding
properties such as the detailed pathways and kinetic intermediates.8
Master Equation Method and the Stochastic Model. In
Figure 5a and b, we show the populational kinetics for states
IA and IB predicted from the stochastic model (black lines). In
the stochastic model, we use the next reaction method30 to
simulate the folding kinetics. The results from the stochastic
model are nearly identical to the results from the exact master
equation solution (red lines). The optimal theory-experiment
fit gives scaling factor (rate constant) k0 as 10-3.8 for the
stochastic model. Nevertheless, we note that the stochastic model
is much less efficient than the master equation solution: 5 days
of CPU time vs 1 min of CPU time on a Dell EM64T cluster
with the Intel (R) Xeon(R) 5150 (2.66 GHz) processor.
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rn′ )

Figure 6. Comparison of the kinetic cluster method and the exact
master equation method on the prediction of the relaxation rate. The
sequences in parts a and b are adopted from two different experimental
studies.21,22

Therefore, the stochastic model may not be feasible to study
the long-time kinetic behavior.
Folding Pathways and Activation Energies. Folding Pathways. To identify the folding pathway using the kinetic cluster
method, we first construct the clusters. The native base stacks
that have large entropic cost |∆S| to form are slow to fold.
Similarly, the nonnative base stacks that have large enthalpic
cost |∆H| to form are slow to disrupt. These base stacks are
potentially rate-limiting stacks. In addition, we identify the loopclosing base pairs that close GNRA, UNCG, and CUUG
tetraloops. We use these pairs and the slow-forming/breaking
native/nonnative base stacks to construct the kinetic clusters.
Specifically, the different combinations of the presence and
absence of these base pairs/stacks cause the different subsets
of conformations and each subset forms a cluster. The transitions
between two clusters correspond to the formation/disruption of
a corresponding base pair or stack. As shown in eq 4, the
conformational transitions (e.g., Ui f Ni in eq 4) that give the
largest contributions (pUikUifNi in eq 4) to the intercluster
transition (kUfN in eq 4) are identified as the dominant pathways.
For sequence 1 (Figure 1a), which has 135 conformations,
we find five clusters: conformations with base stacks 4GG510CC11 (cluster C1), 10CC11-16GG17 (cluster C5), base pairs
5G-C10 (cluster C2), 11C-G16 (cluster C4), and without any
of the above base stacks and base pairs (cluster C3), respectively.
Our master equation calculations show that the relaxation rate
for the five clusters is exactly the same as that for the original
complete conformational ensemble (see Figure 6a). The intercluster transitions show a single and reversible (dominant)
pathway for IA f IB and IB f IA (see Figure 7a). From the
intercluster rate constants, we find that the rate-limiting steps
are the disruptions of base stacks 4GG5-10CC11 and
10CC11-16GG17 for IA f IB and IB f IA, respectively.
To compute the rate constants for IA f IB and IB f IA, we
evaluate the rate for the corresponding dominant pathways using
the following equation:19,24,20
n-2

kn ) k1rn-1

r

∏ 1 - rpp+1
′ rp

(6)

p)1

where kn is the overall folding rate for the pathway with n
intermediates and the sum corresponds to the iterative rebounce
processes and rn-1 and rn′ are the forward and backward
(rebounce) probabilities for a molecule in states n - 1 and n,
respectively:

knfn-1
;
knfn+1 + knfn-1

rn-1 )

kn-1fn
kn-1fn + kn-1fn-2

Equation 6 gives kIAfIB ∼ 0.065 s-1 and kIBfIA ∼ 0.077 s-1,
respectively. The results give the relaxation rate kIAfIB + kIBfIA
) 0.14 s-1, which agrees with the relaxation rate given by the
lowest nonzero eigenvalue λ1 of rate matrix.
For sequence 2 (Figure 2a), we classify the original 109
conformations in the complete ensemble into five clusters:
conformations with base stacks 3CC4-9GG10 (cluster C1),
9GG10-15CC16 (cluster C4), base pairs 4C-G9 (cluster C2),
10G-G15 (cluster C5), and without any of the above base stacks
and pairs (cluster C3), respectively. The master equation for the
five-cluster system gives exactly the same relaxation rate as the
one for the original complete ensemble (see Figure 6b). Figure
7b shows the detailed folding pathways for IA T IB. Equation
6 gives kIAfIB and kIBfIA equal to 0.26 and 0.06 s-1, respectively.
The relaxation rate is equal to kIAfIB + kIBfIA ) 0.32 s-1 and is
in good agreement with 0.30 s-1 from the exact master equation.
The relaxation rate is mainly determined by kIAfIB.
The intercluster rate constants for the five-cluster system
(C1, ..., C5 in Figure 7a) can provide further insights into the
slow kinetics for the IA T IB conformational switch. From the
rate constants shown in Figure 7a, the fractional population for
the forward kinetics for clusters C2 and C3 are r2 ) kC2fC3/
(kC2fC3 + kC2fC1) ) 0.11 and r3 ) kC3fC4/(kC3fC4 + kC3fC2) )
0.5, respectively. Therefore, as a crude estimate, kIAfIB =
kC1fC2r2r3 ) 0.066 s-1, which is close to 0.065 s-1 from the
exact master equation calculation (eq 6). The slow IA f IB
transition is caused by the slow disruption of the loop-closing
base stack 4GG5-10CC11 and the small forward folding
probability for the single base pair-closed loop (I(0,1) in Figure
7a). Here, we label a structure as I(N, NN), where N is the
number of “native” base pairs and NN is the number of “nonnative” base pairs. We call a base pair “native” if it exists in
structure IB and “non-native” otherwise.
The kinetics for the conformational switch for sequence 2,
as shown in Figure 7b, is similar to the one for sequence 1.
The IA f IB transition is rate-limited by the disruption of the
loop-closing base stack (C1 f C2) and the small forward folding
probability for C2: r2 ) kC2fC3/(kC2fC3 + kC2fC1) ) 0.07. The
transition rate kIAfIB can be estimated as kC1fC2 × r2 ) 0.25
s-1, which is close to 0.26 s-1 given by eq 6.
ActiWation Energies. From the temperature dependence of
the relaxation rates, we calculate the activation energy (Ea) for
the two-state kinetics: Ea ) -d ln(k)/d(1/kBT). The calculated
activation energies for sequences 1 (Figure 1a) and 2 (Figure
2a) are 31 and 32 kcal/mol, respectively, which agree well with
the experimental measurements (∼30 kcal/mol).21,22 The activation energy is much smaller than the total enthalpy for the stable
hairpin in the initial state. For instance, the total base-stacking
enthalpy of hairpins IA and IB of Figure 1b is close to 49 kcal/
mol based on Turner rules37 and the energetic parameters for
the tetraloops. The result suggests that the transition state is
not the fully unfolded state. Wenter et al. proposed a pseudoknot
transition state on the pathway.21,22 From our kinetic studies,
for the given sequences, we find that including or excluding
pseudoknots does not cause notable differences in the predicted
kinetics, although including the pseudoknots can affect the
equilibrium population of states IA and IB for sequence 2. The
current theoretical analysis suggests that pseudoknot structures
probably have only a minor effect on the folding kinetics which
makes dissection between associative and dissociative mechanisms difficult.
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Figure 7. Predicted folding pathways for the transitions between conformations IA and IB at 25 °C. Sequences 1 (a) and 2 (b) are from two
different experimental studies.21,22 The intercluster transition rate (in s-1) and the dominant micropathways between adjacent clusters are shown in
the figure. Each structure in the figure is labeled as I(N,NN), in which N is the number of “native” base pairs and NN is the number of “non-native”
base pairs. A base pair is “native” if it is found in structure IB and “non-native” otherwise.

The folding/unfolding of the hairpin may be accompanied
by heat capacity changes. Such a ∆Cp effect can influence the
activation energy and cause the apparent theory-experiment
difference in the activation energy. With ∆Cp, the rate for
opening a base stack is (eq 3):

k ) k0e(∆Hstacks+∆Cp(T-310))/kBT
where ∆Hstack < 0 is the stacking enthalpy at T ) 37 °C. As a
result, the (apparent) activation energy becomes Ea ) -∆Hstacks
+ 310∆Cp. A ∆Cp value of -0.04 kcal/mol/K would cause a
decrease of 12.4 kcal/mol in the predicted activation energy.
Therefore, the activation energy would be 49 kcal/mol - 12.4
kcal/mol ) 36.6 kca/mol, which is close to the experimentally
measured result.
IV. Conclusion
Using the master equation and kinetic cluster methods, we
study the slow folding kinetics between two tetraloop hairpins.
The predicted folding rates are in good agreement with the
experiments. We find that the heat capacity change upon folding
can have an important effect on the apparent activation energy.
Such an effect may be more pronounced for tetraloops because
the formation/disruption of a tetraloop involves noncanonical
intraloop interactions and desolvation/solvation of the loop
nucleotides. We note that the effect of heat capacity on RNA
folding has been illustrated in previous studies.39,40
For the folding kinetics of secondary structures, which are
stabilized by base stacking interactions, it may be appropriate
to consider the formation/disruption of a base stack as a kinetic
step. For the folding kinetics of a tetraloop, however, the
formation/disruption of a loop-closing base pair (prior to the
further stabilization by a loop-closing canonical base stack)
should be considered as a kinetic move. This is because the
loop closure is accompanied with intraloop interactions, causing
a (kinetically metastable) state. This conclusion can be generalized to the folding kinetics of tertiary structures, where a base
pair could juxtapose the different parts of the chain to cause
the tertiary interactions and result in a kinetically metastable
state.

For the conformational switches between the hairpins that
we studied, the rate is limited by the disruption of the loopclosing base stack and the tetraloop (with the intraloop interactions). The detailed folding mechanism revealed in this study
may be useful for understanding the slow folding kinetics of
large RNAs, where folding and unfolding of tetraloop hairpins
can be the fundamental steps in the overall structural changes.
The current study is focused on the folding kinetics of small
RNA structures in 1 M NaCl solution conditions. Further
applications of the kinetic theory developed here would include
the analysis and predictions for the folding kinetics of larger
systems41 with the influence of the different ions (Mg2+ and
spermidine) in the solution.42
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